The shoot stem cell niche, contained within the shoot apical meristem (SAM) is maintained in Arabidopsis by the homeodomain protein SHOOT MERISTEMLESS (STM). STM is a mobile protein that traffics cell-tocell, presumably through plasmodesmata. In maize, the STM homolog KNOTTED1 shows clear differences between mRNA and protein localization domains in the SAM. However, the STM mRNA and protein localization domains are not obviously different in Arabidopsis, and the functional relevance of STM mobility is unknown. Using a non-mobile version of STM (2xNLS-YFP-STM), we show that STM mobility is required to suppress axillary meristem formation during embryogenesis, to maintain meristem size, and to precisely specify organ boundaries throughout development. STM and organ boundary genes CUP SHAPED COTYLE-DON1 (CUC1), CUC2 and CUC3 regulate each other during embryogenesis to establish the embryonic SAM and to specify cotyledon boundaries, and STM controls CUC expression post-embryonically at organ boundary domains. We show that organ boundary specification by correct spatial expression of CUC genes requires STM mobility in the meristem. Our data suggest that STM mobility is critical for its normal function in shoot stem cell control.
INTRODUCTION
SHOOT MERISTEMLESS (STM) belongs to the class I KNOTTED1-like homeobox (KNOX) gene family in Arabidopsis. STM functions during embryonic as well as postembryonic development in formation and maintenance of shoot apical meristems (SAMs), pools of stem cells that serve as a source for continuous organ formation throughout the plant lifecycle (Long et al., 1996; Byrne et al., 2002; Hake et al., 2004; Scofield and Murray, 2006; Hay and Tsiantis, 2010) . STM is first expressed in the globular-heart stage embryo and continues to be expressed in the SAM throughout shoot development, but is downregulated in founder cells on the SAM periphery that make lateral vegetative organs such as leaves and bracts (Jackson et al., 1994; Long et al., 1996; Long and Barton, 2000; Hay and Tsiantis, 2010) . Together with other signals, such as auxin maxima in cells at the periphery of the SAM, downregulation of STM marks the initiation of organ primordia (Long and Barton, 2000; Reinhardt et al., 2000; Benkov a et al., 2003) .
In addition to regulating meristem identity, STM also functions in boundary specification. Arabidopsis NAC (NAM/ATAF/CUC) family transcription factors (TFs), CUP SHAPED COTYLEDON 1 (CUC1), CUC2 and CUC3 control shoot organ boundary formation throughout development, including cotyledon and floral organ boundaries (Aida et al., 1997 (Aida et al., , 1999 Vroemen, 2003) . The apical domain in the embryo is partitioned into three regions: the SAM proper; lateral organ primordia; and the specialized boundary region between them (Aida et al., 1999; Kwiatkowska and Dumais, 2003; Breuil-Broyer et al., 2004) . CUC gene expression overlaps with slowly dividing cells demarcating the organ boundary. CUC genes and STM also regulate expression of each other throughout development (Vroemen, 2003; Hibara et al., 2006; Spinelli et al., 2011) . At the globular stage, CUC1 and CUC2 are expressed in a narrow stripe separating the two developing cotyledon primordia (Aida et al., 1999; Takada et al., 2001) , where they trigger STM expression (Long et al., 1996; Aida et al., 1999) . CUC1 overexpression results in ectopic meristem initiation, further supporting the idea that CUC genes induce STM (Takada et al., 2001; Bosca et al., 2011) . In contrast, during post-embryonic development, STM promotes expression of CUC1/2/3, and also represses CUC1/2 by indirectly activating miR164a, which targets CUC mRNAs (Kwon et al., 2006; Bosca et al., 2011; Spinelli et al., 2011) . These studies show that STM and CUC genes control SAM and boundary formation and patterning by positive and negative feedback regulation of each other's expression.
Cell-to-cell and long-distance trafficking of signaling proteins plays a vital role in precise patterning of growth and development. For example, SHORTROOT (SHR), a GRAS family TF, moves from the stele into the endodermis to define radial patterning in the root (Gallagher et al., 2004) . Similarly, an R3 MYB TF CAPRICE (CPC) moves from nonhair cell to hair cell files, while a bHLH TF GLABRA3 moves in the opposite direction to pattern root hairs (Bernhardt et al., 2005; Kurata et al., 2005) . In the shoot meristem, movement of the homeodomain TF WUSCHEL (WUS) from the organizing center to the central zone is required to maintain stem cell homeostasis (Yadav et al., 2009; Daum et al., 2014) . All these examples show clear differences between mRNA and protein expression domains, where the protein, but not the mRNA, is detected in cells where it is transported to render its function. Similarly, KNOTTED1 (KN1) mRNA in maize is found throughout the SAM, but is absent from the L1 layer; however, KN1 protein is clearly detected in the L1, as well as in cells that do not accumulate KN1 mRNA at the SAM periphery and at the leaf bases (Lucas et al., 1995; Jackson, 2002) . Both KN1, a maize homolog of STM, and STM itself move cell to cell (Jackson et al., 1994; Lucas et al., 1995; Jackson, 2002; Kim et al., 2002 Kim et al., , 2003 Kim et al., , 2005 ; however, unlike KN1, STM mRNA is found in all the layers of the meristem, and there is no obvious difference between its mRNA and protein localization pattern (Jackson et al., 1994; Long et al., 1996; Long and Barton, 1998; Aida et al., 1999) . This observation raises an important question about the biological relevance of STM mobility in the meristem. In previous work (Xu et al., 2011) it was shown that the CHAPERONIN CONTAINING T-COMPLEX POLYPEPTIDE 1 (CCT) 8 chaperonin is required for STM trafficking. In a cct8 mutant background, the phenotype of a weak stm allele (stm-10) is enhanced, resulting in early meristem termination. This observation suggests that STM trafficking is required for proper formation and maintenance of the SAM, as cct8 hypomorphs have no obvious SAM phenotype. However, we cannot be sure that the early meristem termination is solely due to an effect of CCT8 on STM trafficking. For example, the cct8 mutant might also affect folding or trafficking of other proteins required for SAM function. Therefore, in the current study we made a non-mobile version of STM protein to find the true biological significance of STM trafficking. We conclude that STM mobility is required to suppress axillary meristem formation during embryogenesis, to maintain shoot meristem size, and to control CUC gene expression domains and levels to correctly specify organ boundaries.
RESULTS

Generating a non-mobile STM
A common approach to prevent cell-to-cell movement of a TF protein is to add additional nuclear localization sequences (NLSs) to sequester the protein in the nucleus (Crawford and Zambryski, 2000; Wu et al., 2003; Gallagher et al., 2004; Yadav et al., 2011; Daum et al., 2014) . We made a 2xNLS-YFP-STM fusion, including two NLSs and YFP coding sequences fused in frame at the N terminus of STM, and a control YFP-STM fusion that was identical except that it lacked the two NLS sequences. When expressed specifically in the epidermal layer, GFP-STM can move into underlying layers in the meristem and partially compliments an stm-11 mutant (Kim et al., 2003) . Therefore, in order to test whether the mobility of 2xNLS-YFP-STM was compromised, we generated transgenic plants expressing YFP-STM or 2xNLS-YFP-STM under the control of the epidermal (L1) specific pAtML1 promoter (Sessions et al., 1999) in the Ler wild-type background. We found that both pAtML1::2xNLS-YFP-STM-and pAtML1::YFP-STMexpressing plants showed typical STM overexpression phenotypes ( Figure 1a ; Kim et al., 2003) , presumably due to expression in leaf primordia. Confocal imaging showed that 2xNLS-YFP-STM was restricted to the L1 layer (Figure 1b and b 0 ), while the YFP-STM signal was also detected in the L2 layer ( Figure 1c and c 0 ), suggesting YFP-STM, but not 2xNLS-YFP-STM, moved out of the cells where it was expressed. This experiment confirmed that STM retention in the nucleus using heterologous NLSs made it cell autonomous in the SAM.
Non-mobile STM plants have ectopic axillary shoots and smaller meristems
We next expressed the 2xNLS-YFP-STM and YFP-STM genomic fusions using native STM regulatory sequences that included approximately 5 kb promoter, all introns and approximately 0.85 kb 3 0 region (Figure 2a ). stm null allele (stm-11) heterozygous plants were used for transformation, and stm-11 homozygotes carrying the transgenes were selected by genotyping in the T2 generation (Kim et al., 2003) . To exclude the possibility that phenotypic differences between the NLS and non-NLS constructs might be due to transgene expression level differences, we screened >20 independent lines per construct by Western blotting, and selected two independent lines for each construct with similar STM fusion protein levels for in depth analysis (Figure 2b ). We found that the native pSTM::YFP-STM ('mobile STM') construct fully rescued stm-11, producing plants that were indistinguishable from wild-type throughout their development. In contrast, pSTM::2xNLS-YFP-STM; stm-11 ('non-mobile STM') plants produced ectopic axillary shoots in the axils of cotyledons (Figure 2c and d), and this phenotype was consistent in independent transgenic events. Seventy-eight percent of non-mobile STM plants developed ectopic axillary shoots in the axils of cotyledon, while only approximately 2% of mobile STM plants displayed this phenotype (n = 100 or more plants per genotype). The ectopic shoots appeared to result from enhanced axillary meristem initiation (Wang et al., 2014) at the expected position over the mid vein at the base of the cotyledon, as we could observe initiating axillary meristems in cotyledon axils of nonmobile STM plants from approximately 8 days after planting (DAP; 11/24 non-mobile STM plants showed cotyledon axillary meristems at 8 DAP, compared with 0/13 in mobile STM plants). No axillary meristems were observed at 4-6 days (n = 5-8).
Apart from the obvious ectopic axillary shoots in the cotyledon axils, the overall development of non-mobile STM plants was similar to mobile STM plants. We also scored flowering time, by counting the number of days from planting to the first open flower and the number of rosette leaves at flowering. We found no significant difference, as both genotypes flowered on average 28 DAP. Interestingly, we did, however, find a subtle but significant difference in number of rosette leaves. Non-mobile STM plants had a higher leaf number (6.29 AE 0.15) compared with 5.64 AE 0.09 in the mobile STM controls (P = 0.0004; n = 35). These observations suggest that there was an increased rate of leaf initiation in stm-11 plants harboring the non-mobile version of STM. (a) Schematic representation of constructs used to complement stm-11 plants, dark green blocks represent STM exons; light green block is 3 0 UTR; gSTM (approximately 2.9 kb) is STM genomic region from start to stop codon. (b) Western blot showing comparable expression levels as observed by the intensity of bands for YFP-STM at 69 kDa (green arrow) and 2xNLS-YFP-STM at 76 kDa (blue arrow), red arrow points to non-specific band found in both backgrounds. Two independent transgenic events each for pSTM::2xNLS-YFP-STM; stm-11 ('non-mobile STM') (1) and pSTM::YFP-STM; stm-11 ('mobile STM') (2) that were used in all other experiments are shown in the Western blot. Defects in the development of shoot organs are often associated with the shoot meristem. We therefore imaged seedlings carrying non-mobile or mobile STM constructs 48 h after germination to determine meristem size. We found fewer YFP-positive nuclei in non-mobile STM plants (4.25 AE 0.75) compared with 7.33 AE 0.67 in mobile STM plants (P = 0.0166; n = 5; Figure 3a -c). We found similar results at different stages of embryo development compare d and f with e and g, respectively), which suggested a smaller STM protein domain and a smaller SAM size in plants carrying non-mobile STM. We next grew the two genotypes under short-day conditions (8 h light, 16 h dark) and measured shoot meristem size at 25 DAP. We again found that meristem size in non-mobile STM plants was significantly smaller (Figure 3h -j; 66.97 AE 3.69 lm diameter, 17.91 AE 1.63 lm height, compared with 85.91 AE 2.81 lm diameter and 29 AE 1.37 lm height in mobile STM plants (P < 0.001; n = 20). These observations of reduced meristem size together with an increase in rate of leaf initiation and ectopic axillary shoots in the axils of cotyledons suggest that blocking STM mobility results in an imbalance in stem cell maintenance, with an increased rate of recruitment of meristem cells into lateral organs, and a partial loss of apical dominance.
Expression of organ boundary genes is downregulated in non-mobile STM plants
Ectopic axillary shoot formation in the cotyledon axils of non-mobile STM plants suggested there might be defects in the meristem boundary, where axillary shoots form. STM and CUC genes regulate each other during embryonic stages; CUC1 and CUC2 are required for STM expression, while post-embryonically STM is required for the expression of CUC1-3 Spinelli et al., 2011) . We therefore measured CUC expression levels in inflorescence apices by quantitative reverse transcriptase-polymerase chain reaction (RT-PCR). CUC1, CUC2 and CUC3 genes were significantly downregulated in non-mobile STM plants compared with mobile STM plants (Figure 4a ). In support of this finding, we also observed post-embryonic organ fusion phenotypes, such as fusions between cauline leaf and inflorescence stem ( Figure 4b ) and vegetative leaf fusions (Figure 4c ) in approximately 10% of the nonmobile STM plants, and similar fusions were never observed in mobile STM plants. These phenotypes are reminiscent of cuc2; cuc3 double-mutant phenotypes . We therefore hypothesized that plants expressing non-mobile STM have a reduced boundary region between the meristem and lateral organs, based on the fact that STM is required post-embryonically to promote the expression of CUC genes, and the assumption that STM movement from the meristem to the boundary is required to induce CUC expression. This idea was tested by observing CUC protein localization. We transformed mobile and non-mobile STM lines with pCUC1::CUC1-RFP or pCUC2::CUC2-RFP genomic constructs (Figures 5a and 6a) using promoter sequences sufficient to complement the respective mutant phenotypes (Goncalves et al., 2015) . We then compared CUC1-RFP or CUC2-RFP distribution in mobile or non-mobile STM plants. Imaging of CUC expression was performed in inflorescence meristems (IMs), as in many other studies (Heisler et al., 2005; Yadav et al., 2011; Shapiro et al., 2015) , as vegetative meristem imaging in Arabidopsis is extremely challenging. Our observations of cauline leaf fusions indicate that meristem developmental defects in the non-mobile STM background continue into later developmental stages, as cauline leaves are produced close to the time of the inflorescence transition (Hempel and Feldman, 1994) , justifying our choice of this stage for imaging.
Development of organ primordia by the IM is marked by the downregulation of STM expression, corresponding to cryptic bracts (Long and Barton, 2000) . Next, the floral meristems develop in the axil of the bract, evident by newly initiated STM expression in a ball-shaped region of cells (Long and Barton, 2000) . For simplicity, we divided the stages of floral primordia (FP) development (Long and Barton, 2000) into three broad stages ( Figure S1 CUC1-RFP expression was not boundary specific, instead it was found throughout the meristem and extended towards the boundary region (Figure 5b and e). Although previous work has shown that CUC1 mRNA is at the boundary (Takada et al., 2001) , the pattern we observed for tagged CUC1 protein is consistent with SAM cell-specific profiling data (Yadav et al., 2009) . The boundary of CUC1-RFP appeared to overlap perfectly with the YFP-STM boundary in non-mobile STM plants. However, its expression in mobile STM plants appeared to extend beyond the boundary of YFP-STM localization at the organ boundary (compare Figure 5d with g; in g there are approximately two layers of cells with red nuclei extending past the cells with yellow nuclei). However, when we artificially overexposed the YFP channel, we found that the red CUC1-RFP cells at the boundary also had low levels of YFP-STM (Figure 5g 0 ); this graded expression of YFP-STM was not observed in the non-mobile STM plants (Figure 5d 0 ). These results suggest that mobile STM forms a gradient at the boundary, and cells with lower STM levels towards the outer edge of the boundary are still able to induce CUC1 expression.
In contrast to CUC1, CUC2-RFP expression was specific to the organ boundary regions, as expected (Heisler et al., 2005; Hibara et al., 2006; Yadav et al., 2009 ). We observed a broad CUC2-RFP-expressing region between stage 1 primordia and the IM in mobile STM plants (Figure 6e , white arrowhead within dashed pink box). However, at a comparable stage in the non-mobile STM plants, we found that CUC2-RFP expression was lacking or was below detection levels (white arrowhead within dashed pink box in Figure 6b) . Later in development, the boundary region of stage 2 and stage 3 primordia showed some CUC2-RFP expression in non-mobile STM plants; however, it was much narrower compared with the expression in mobile STM plants (compare boxed regions in Figure 6b and e, expanded in b 0 , b 00 , e 0 and e 00 ). We counted the frequency of CUC2-RFP-positive organ boundaries as well as the number of cells across each CUC2-RFP-positive boundary in the two backgrounds (Table 1 ). The frequency of CUC2-RFP-positive boundaries in mobile STM plants was 46% for stage 1 and 100% for stage 2 and stage 3 boundaries. These frequencies in non-mobile STM plants were 0, 33.9 and 50% for stage 1, 2 and 3 boundaries, respectively. Similarly, the number of cells across each CUC2-RFP-positive boundary was significantly higher in mobile STM plants compared with non-mobile STM plants at all three stages of organ boundaries (1.1 AE 0.4, 4.4 AE 0.3 and 4.6 AE 0.3 CUC2-RFP-positive cell layers at the boundaries of stage 1, 2 and 3, respectively, compared with 0, 0.9 AE 0.2 and 2.3 AE 0.3 CUC2-RFP-positive cell layers in non-mobile STM plants, P < 0.001; n ≥ 15; Table 1 ). CUC2-RFP expression in non-mobile STM plants was sometimes in sporadic spots (arrows in Figures 6b, b 00 and S2a). In order to exclude the possibility that CUC2-RFP expression was being silenced in these plants, we analyzed expression in embryos isolated from the same plants, as CUC2 expression is independent of STM in the embryos. These embryos showed the expected CUC2-RFP expression pattern, suggesting that silencing was not the cause of sporadic CUC2 expression in inflorescences (Figure S2b-d In summary, based on CUC expression changes we hypothesize that the organ boundary region is compromised when STM trafficking is inhibited. Together with the observation of leaf fusions and reduction in SAM size, we suggest that STM trafficking is required to maintain the correct SAM domain and to pattern the boundary throughout development, and loss of these functions may lead to ectopic axillary meristem formation during embryogenesis, reduction in SAM size and organ boundary defects.
DISCUSSION
Several mobile proteins including SHR, CPC, GL3 and WUS function in cells where they are not normally expressed (Gallagher et al., 2004; Bernhardt et al., 2005; Kurata et al., 2005; Yadav et al., 2011) . On the other hand, for KN1, the developmental significance of its cell-to-cell trafficking in the meristem has not been fully addressed. In particular, considering the Arabidopsis functional homolog of KN1, no obvious difference between STM mRNA and protein localization has been reported. Here we show that inhibiting the mobility of STM results in developmental defects, such as formation of axillary shoots in cotyledon axils, and smaller meristems with a modest increase in leaf initiation rate. We inhibited STM trafficking by retaining it in the nucleus using two heterologous NLSs, and confirmed the loss of trafficking by expression using an epidermis-specific promoter. It was important to confirm this, because NLS fusions do not always inhibit trafficking. For example, while NLSs inhibited SHR trafficking (Gallagher and Benfey, 2009 ), they did not affect TTG1 trafficking (Balkunde et al., 2011) . In addition, nuclear targeting of KN1/STM, CPC and SHR is important for their trafficking (Lucas et al., 1995; Prochiantz and Joliot, 2003 ; Gallagher Kurata et al., 2005) . Therefore, it was not obvious that adding heterologous NLSs would block STM mobility. We assume that the reduced expression domain of non-mobile STM protein is because in wild-type the STM protein spreads beyond its mRNA expression domain; however, we were not able to show this due to limited resolution caused by the small size of the Arabidopsis SAM. We also assume the developmental defects caused by nuclear targeting of STM are due to reduced trafficking, but cannot rule out other possibilities, for example other non-nuclear functions of STM could also be affected.
The developmental defects observed in non-mobile STM plants clearly suggested that STM trafficking was required for correct developmental patterning. The null stm allele was fully rescued with a mobile STM fusion (pSTM::YFP-STM), whereas non-mobile STM plants (pSTM::2xNLS-YFP-STM) had significantly smaller meristems throughout development, and less STM-expressing cells, suggesting that STM trafficking allows the SAM to reach its normal size, perhaps by spreading of STM protein into cells adjacent to where it is expressed. Although we were careful to compare transgenic lines with similar STM protein levels, this comparison may be slightly biased by the fact that non-mobile STM plants had less STM-expressing cells; however, we believe the effect is not significant, because we saw similar phenotypes in plants accumulating lower levels of non-mobile STM.
The non-mobile STM plants also had a significant though subtle increase in number of rosette leaves. This finding is contrary to what is expected, as an increase in lateral organ number usually reflects an increase in meristem size, as reported for clavata mutants (Clark et al., 1993 (Clark et al., , 1995 Kayes and Clark, 1998) , which have more floral organs, and the opposite is true for wus mutants, which have smaller meristems and less organs (Laux et al., 1996) . Therefore, there is likely a different mechanism from inhibition of STM trafficking. We hypothesize that during normal development, STM protein moves from the cells where it is expressed into cells immediately adjacent to its expression domain at the SAM boundary. In the nonmobile STM background, more STM-negative cells will mRFP gCUC1 (1.5 kb) 1.5 kb accumulate at the meristem periphery, and these STMnegative cells, which have lost meristematic fate, may be more quickly recruited into formation of lateral organs, hence the slight increase in leaf number.
A second prominent phenotype in non-mobile STM plants was development of axillary shoots in cotyledon axils. This phenotype suggested defects in precisely defining the meristem-cotyledon boundaries. During embryogenesis, CUC1 and CUC2 promote expression of STM to form the SAM. STM in turn controls the correct spatial expression of CUC1 and CUC2 (Aida et al., 1999) . CUC2 and STM show a similar expression pattern until torpedo stage in the embryo. However, during the bending cotyledon stage, STM and CUC2 show near complementary expression patterns, where STM expression is restricted to the central bulging region marking the presumptive SAM, and CUC2 is expressed surrounding STM, thus marking the boundary between SAM and cotyledons (Aida et al., 1999) . CUC2 expression is severely reduced in stm mutants during this stage, and shows only random spots of expression (Aida et al., 1999) . It can be hypothesized that STM protein signals indirectly via a yet unknown mobile factor to promote CUC2 gene expression. Alternatively, STM may move into cell layers adjacent to the SAM to directly promote CUC expression. Indeed, it was recently found that STM regulates CUC1 expression directly, by binding to its promoter region, while it may indirectly promote CUC2 and CUC3 expression (Spinelli et al., 2011) . The amount of STM protein moving into boundary cells is likely to be tightly controlled, in such a way that low STM levels at the boundary are sufficient to induce CUC gene expression and boundary fate, but not too high that they maintain their meristematic fate and prevent the transition to boundary/ peripheral fate. Similar concentration-dependent activity of homeodomain proteins is common in animal development (Driever and Nusslein-Volhard, 1988; Oliver et al., 1988; Dubnau and Struhl, 1996) . Therefore, the smaller STM-positive region observed in the embryos of nonmobile STM plants may lead to an altered level and spatial expression of CUC genes. Indeed, we showed using native expression constructs for CUC1 and CUC2 that their expression levels and domains were highly reduced in non-mobile STM plants. By analogy, as a result of the reduced boundary between SAM and the cotyledons, we hypothesize that ectopic axillary shoots form, perhaps because the STM-CUC feedback is mis-regulated at the boundary. However, the frequency of cuc-related postembryonic phenotypes, such as organ fusions, was relatively low in non-mobile STM plants. This may be due to redundancy among CUC genes, where phenotypes are usually more prevalent in cuc double-mutant combinations (Aida et al., 1999; Tantikanjana et al., 2001; Vroemen, 2003; Hibara et al., 2006) . Ectopic or adventitious axillary meristem formation is rare in Arabidopsis cotyledons, but has been reported for zwille (zll) mutants (Moussian et al., 1998) . ZLL is required to maintain the central region of the late embryonic stage meristem in an undifferentiated state, by maintaining STM expression. We found no significant difference in ZLL expression levels between mobile and non-mobile STM plants ( Figure S3 ), nor did the non-mobile plants display any other phenotypes found in zll mutants, such as differentiation of the central shoot meristem into fused leaves, or loss of the main shoot. Therefore, we do not believe that ZLL activity contributes to the axillary shoot phenotype of non-mobile STM plants. In general, axillary shoots in cotyledon axils are rare, perhaps to promote growth of the primary shoot to enhance seedling survival, and one consequence of STM trafficking may be to promote suppression of cotyledonary axillary shoots. It will be interesting to characterize STM protein gradients in different species to further investigate the functional consequences of trafficking of these important regulators.
EXPERIMENTAL PROCEDURES Plant materials and growth conditions
The stm-11 (Long and Barton, 1998) has been described previously. All plants were grown at 23°C either under long-day (16 h light/8 h dark) or short-day (8 h of light/16 h dark) as mentioned in the text for different experiments. Arabidopsis seeds were stratified on soil in the dark at 4°C for about 72 h before transferring them to growth conditions. Arabidopsis plants were transformed by standard floral dip method (Clough and Bent, 1998) . pSTM:: YFP-STM; stm-11 and pSTM::2xNLS-YFP-STM; stm-11 lines were generated by transforming stm-11 heterozygous plants. T2 generation plants were genotyped as described previously (Kim et al., 2003) to identify stm-11 homozygous plants carrying the complementing transgene.
Molecular biology
Sequences of all the primers mentioned below are presented in Table S1 . The STM promoter (pSTM, 4986 bp immediately upstream of the start codon) and coding region including introns and 848 bp 3 0 terminator region were PCR-amplified using Columbia (Col) genomic DNA as template, and with primer pairs P1 and P2 (to amplify 4986 bp 5 0 ATG) and P3 and P4 (to amplify from ATG to 848 bp 3 0 of stop codon). YFP coding region was amplified with primers YFP-F and YFP-R. Linker sequences in primers P3 and YFP-R included overlapping sequences. Next PCR included mixture of PCR products from primer pairs P3, P4 and YFP-F, YFP-R as template and PCR amplified with YFP-F and P4 to obtain the YFP-STM fusions. PCR products were cloned into pCR-XL-TOPO vector (Invitrogen, https://www.thermofisher.com) to obtain pTOPO-pSTM and pTOPO-YFP-STM. These inserts were sequenced, and YFP-STM was digested from pTOPO-YFP-STM by partial digestion with EcoRI (EcoRI also cuts in the 2nd intron) and first introduced into the EcoRI site of the pBIN19 binary vector. Next, pSTM was cut out of pTOPO-pSTM using EcoRV and FseI, and ligated into pBIN19-YFP-STM digested with SmaI and FseI. To obtain pSTM::2xNLS-YFP-STM in pBIN19, we ligated the PCR-amplified NLS sequences at the FseI site in pSTM::YFP-STM. To generate pAtML1::YFP-STM and pAtML1::2xNLS-YFP-STM constructs, YFP-STM and 2xNLS-YFP-STM were PCR-amplified using primers P5 and P6 using pSTM:: YFP-STM and pSTM::2xNLS-YFP-STM as templates. PCR products were digested with SalI and SmaI, and were ligated to the AtML1 (Sessions et al., 1999; Kim et al., 2003) promoter in the pGreen0029 vector. pCUC1::CUC1-RFP and pCUC2::CUC2-RFP constructs were generated by cloning in binary vector pTF101.1R4-R3 with multisite gateway cloning (Invitrogen) using the following ENTRY clones: CUC1-PG-pDONR-P4-P1R (containing 1.5 kb promoter and genomic CUC1 without STOP); CUC1-T-pDONR-P2R-P3 (containing 0.45 kb CUC1 terminator); CUC2-PG-pDONR-P4-P1R (containing 3.2 kb promoter and genomic CUC2 without STOP); and CUC2-TpDONR-P2R-P3 (0.45 kb CUC2 terminator) and mRFP-pDONR221-P1-P2. All binary vectors were transformed into Agrobacterium tumefaciens strain GV3101 pMP90.
Total RNA isolation and RT-qPCR analysis
Open flowers were removed and the inflorescence tissues with unopened flower buds on the primary shoot were collected for RNA isolation. Total RNA was extracted using TRizol RNA extraction kit (Invitrogen) and first-strand cDNA was synthesized following the kit (Invitrogen). RT-qPCR was performed using SYBRGreen reagent (BioRad, https://www.bio-rad.com/) following the manufacturer's instructions. Two biological replications with three technical replications for each were included in all the RT-qPCR analyses. RT-qPCR primers used for CUC1, CUC2 and CUC3 have been described previously (Spinelli et al., 2011) . RT-qPCR primers for ZLL gene are given in Table S1 .
Protein extraction and Western blotting
Total protein was extracted by grinding inflorescence tissue from Arabidopsis main shoot in liquid nitrogen. Protein extraction and Western blotting protocol was performed as described previously (Smith et al., 1992) . Antibody against KN1 raised in rabbit was used at 1:500 dilutions as described (Hay et al., 2003) to probe STM. Detection was performed with a chemiluminescent detection reagent using horseradish peroxidase-conjugated anti-rabbit secondary antibody.
Meristem measurements
Arabidopsis seedlings were harvested at 25 DAP under short-day conditions and leaves visible to the naked eye were removed to reduce the layers covering the SAM. Seedlings were then fixed overnight in ice-cold FAA (10% formalin, 45% ethanol and 5% acetic acid) followed by dehydration through a 50-100% ethanol series, then transferred into a 1:1 ethanol and methyl salicylate mix, and finally three times into 100% methyl salicylate changing at 1-h intervals. The cleared seedlings were carefully mounted on glass slides and covered with coverslips. Meristems were observed using Nomarski optics. The meristem size was determined by the width at the position just above the most recently initiated leaf primordium, and meristem height determined as the distance from the tip of the meristem to a position perpendicular to the horizontal line used to determine the meristem width. Measuring and quantification were done using ImageJ.
Microscopy
Seedling images were taken with Nikon SMZ1500 (Nikon Instrument Inc, https://www.nikoninstruments.com) microscope to manually capture Z series, which were then merged using NIS elements to create focused images. Confocal images were obtained either on the LSM710 or LSM 780 using freshly dissected seedlings or inflorescence apices. For axillary meristem imaging, cotyledons were carefully peeled away from the shoot using forceps and mounted adaxial side up in water. To expose the inflorescence meristem for imaging, floral buds were removed carefully under the dissecting microscope. Apices with approximately 5 cm stem were cut and immersed in calcofluor white (Sigma-Aldrich, https://www.sigmaaldrich.com) solution (30 lg mL
À1
) in an Eppendorf tube with meristems completely submerged in the solution. After 5 min, the apices were dissected and placed on double-sided tape fixed on the slide. Calcofluor solution was used to mount the tissue under a coverslip without applying pressure, and slides were sealed using vaseline. For YFP, 514 nm laser excitation and 520-560 nm emission spectra, for RFP, 561 nm excitation and 590-630 nm emission, and for Calcofluor white, 400 nm excitation and 450-500 nm emission spectra were used. LSM files from the confocal were processed using image J.
Statistical analysis
Statistical analysis was performed using a two-sample Student's t-test to compare differences between the samples.
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